Abstract. The intensity-modulated radiation therapy (IMRT) treatment planning is usually a sequential process where initially a given number of beam directions are selected followed by the fluence map optimization (FMO) considering those beam directions. The beam angle optimization (BAO) problem consists on the selection of appropriate radiation incidence directions in radiation therapy treatment planning and may be decisive for the quality of the treatment plan, both for appropriate tumor coverage and for enhancement of better organs sparing. This selection must be based on the optimal value of the FMO problem otherwise the resulting beam angle set has no guarantee of optimality and has questionable reliability. Pattern search methods (PSM) have been used successfully to address the BAO problem driven by the optimal fluence value of the FMO problem. PSM are iterative methods generating a sequence of non-increasing iterates such that iterate progression is solely based on a finite number of function evaluations in each iteration, without explicit or implicit use of derivatives. Typically, in IMRT optimization, the quality of the solutions obtained is not simply related to the final value of an objective function but rather judged by dosevolume histograms or considering a set of physical dose metrics. These dose metrics can be simply described as obtaining a minimum prescribed dose for the target volumes (the regions that have to be irradiated) and a maximum or mean tolerance dose values for the remaining surrounding structures (the regions that should be spared). The goal of this paper is to present a non-descent PSM that can be guided both by an objective function formulation of the FMO problem and by physical dose metrics. Four retrospective treated cases of head-and-neck tumors at the Portuguese Institute of Oncology of Coimbra are used to discuss the benefits of non-descent PSM for the optimization of the BAO problem.
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Introduction
Radiation therapy is with surgery and chemotherapy one of the three main treatment approaches for cancer, used for around 50% of all patients. With this modality, patients are irradiated with beams of ionizing radiation attempting to sterilize all cancer cells while minimizing the collateral effects on the surrounding healthy organs and tissues. An important type of radiation therapy is intensitymodulated radiation therapy (IMRT), a modern technique where the radiation beam is modulated by a multileaf collimator allowing the irradiation of the patient using non-uniform radiation fields from selected angles. The ionizing radiation is generated by a linear accelerator mounted on a gantry that can rotate along a central axis and is delivered with the patient immobilized on a couch that can rotate. The rotation of the couch combined with the rotation of the gantry allows radiation from almost any angle around the tumor. Despite that fact, the use of angles that lay in the plane of rotation of the gantry, i.e. coplanar angles, is predominant. The selection of appropriate radiation incidence directions in radiation therapy treatment planning -beam angle optimization (BAO) problem -is important for the quality of the treatment plan [5, 13] , both for appropriate tumor coverage and for better organ sparing. However, in clinical practice, the beam angle number and directions are typically selected in a timeconsuming trial-and-error procedure by a dosimetrist. The fact that the BAO problem is a highly non-convex optimization problem with many local minima [4], yet to be solved in a satisfactory way within a clinically acceptable time frame, helps explaining the current clinical practice.
The BAO problem is the first problem that arises in treatment planning, but its optimal solution is highly dependent on the optimal solution of the fluence map optimization (FMO) problem -the problem of deciding what are the optimal radiation intensities associated with each set of beam angles. When the BAO problem is not based on the optimal FMO solutions, the resulting beam angle set has no guarantee of optimality and has questionable reliability since it has been extensively reported that optimal beam angles for IMRT are often non-intuitive [21] . Obtaining the optimal solution for a beam angle set is time costly and even if only one beam angle is changed in that set, it is necessary to calculate the radiation dose that is being deposited in the patient's tissues -organs and tumors. Therefore, methods that avoid being easily trapped in local minima and that require few function value evaluations to progress and converge are advantageous. The pattern search methods (PSM) framework has been used by us to address the BAO problem successfully due to its ability to avoid local entrapment and its need for few function value evaluations to converge [16, 17, 18, 19] .
PSM are iterative methods generating a sequence of non-increasing iterates such that iterate progression is solely based on a finite number of function evaluations in each iteration, without explicit or implicit use of derivatives. In IMRT, the final value of an objective function is not a complete and unique measure of the quality of the solution obtained. In clinical practice, the quality of the solution obtained is rather judged by dose-volume histograms or considering a set of physical dose metrics. These dose metrics can be simply described as
